Introduction {#Sec1}
============

Extremophiles are a group of microorganisms that belong to all three domains of life (*Archaea*, *Bacteria* and *Eukarya*) and that are found on the Earth in habitats considered extreme from an anthropocentric point of view. Such environments are characterized by harsh conditions of temperature, pH, salinity, pressure and radiation and they include hydrothermal vents and springs, the so called "black smokers", nuclear reactors, acid mine drainages and rivers, permafrost sediments, sea ice and polar lakes, highly polluted soils, *et cetera*. The study of extremophiles microbiology is therefore relevant to the definition of the boundaries of life, one of main issues of astrobiology. Indeed astrobiology investigates the origin, evolution, distribution and future of life in the universe (Des Marais et al. [@CR2]) that, according to the "*panspermia*" theory, was originated from microorganisms and simple cells transported from one planet to another and able to adapt to adverse conditions in space. In this frame studying microbial communities that are adapted to live on earth in very extreme conditions, and establishing the limits to life on our own planet, could help in getting insights into the potential of other worlds to support life, and thus determining whether life as we know it could exist elsewhere in the galaxy. (Saffary et al. [@CR9]).

In this work we investigated the ability of some extremophilic species to survive and to resist to some stressing conditions simulating the space environment. For our study we chose four extremophilic species from different extreme environment and representing both *Archaea* and *Bacteria* domains: *Sulfolobus solfataricus* (Zilling et al. [@CR11]) a thermo-acidophilic archeon isolated from Solfatara volcano, southern Italy; *Haloterrigena hispanica* (Romano et al. [@CR8]) an extremely halophilic archaeon from Fuente de Piedra, southern Spain; *Thermotoga neapolitana* (Jannash et al. [@CR3]) a thermo-anaerobic microorganism isolated from a black smoker in the bay of Naples (Italy) and finally *Geobacillus thermantarcticus* (Coorevits et al. [@CR1]; Lama et al. [@CR4]) a thermophilic microorganism isolated from geothermal soil from Mt. Melbourne, an active volcano in Antarctica. To assess their possible ability to survive in space environment, all the selected species were exposed to extreme conditions in terms of temperature, UV radiation, humidity and pressure resembling Mars conditions and that were assayed in separately or in combination (Onofri et al. [@CR7]). Three different sets of conditions were assayed: storage at extreme temperatures, UV resistance (carried out separately and both in terrestrial atmosphere and pressure conditions), resistance to martian humidity and pressure (Nicholson et al. [@CR6]) investigated at the same time in a Mars simulator set at terrestrial temperature and radiation conditions.

Experimental {#Sec2}
============

Microorganisms culture conditions: *Sulfolobus solfataricus* (Zilling et al. [@CR11]) (optimal T = 85 °C), *Thermotoga neapolitana* (Jannash et al. [@CR3]) (optimal T = 80 °C), *Haloterrigena hispanica* type strain FP1^T^ (Romano et al. [@CR8]) (optimal T = 50 °C), *Geobacillus thermantarcticus*, initially named *Bacillus thermantarcticus* (Lama et al. [@CR4]) (optimal T = 60 °C) were grown in the respective standard conditions as previously described.

Effect of Temperature Stress on Microbial Growth Kinetic {#FPar1}
--------------------------------------------------------

1.5 ml of each cell culture (with an O.D^540^ value of 0.600) were centrifuged at 10,000 rpm for 10 min and the resulting cell pellets were stored at −196 °C (by liquid N~2~), −80, −20, 0, 4, 10, 25, 50, 70, 85 °C for 1 week (in the case of *S. solfataricus*) and 3 months for all other species. After these treatments, cell pellets were recovered and then used as *inoculum* in the respective standard growth media to assess cell survival and starting O.D.^540^ was 0.010.

Effect of UV Radiation (λ = 254 nm) on Microbial Growth Kinetic {#FPar2}
---------------------------------------------------------------

Experiments were carried out at terrestrial temperature (23 °C), pressure, and atmosphere conditions by using a bactericidal wavelength. In detail, 5 ml of each cell culture (with an O.D^540^ value of 0.600) were put in an open Petri dish that were exposed at room temperature to a UV-lamp set perpendicularly to the uncovered dishes at a distance of 7 cm. The lamp was set at λ = 254 nm with an irradiation power of about 6.00 W/m^2^ that was applied for 7.5, 15, 30 min and 1 h. Control experiments were carried out in the absence of UV radiation. After these treatments, cells were recovered after centrifugation of the liquid medium deposited in the Petri dish. The cells were then incubated in the respective standard growth conditions to assess cell resistance. Due to the aerobic conditions, this experiment could not be performed in the case of *T. neapolitana*, an anaerobic microorganism.

Mars Humidity and Pressure Conditions Simulation: Effect of Desiccation and low Pressure on Microbial Growth {#FPar3}
------------------------------------------------------------------------------------------------------------

100 μl of each cell sample (with an O.D^540^ value of 0.600) were desiccated by air drying to be subsequently exposed to the simulated low pressure conditions of Mars conditions. The desiccated cells were then set for 1 h, 1 and 8 days at low pressure (4 mbar) that was reproduced in a Martian environment Simulator built by Cosmic Physic Laboratory of the University "Parthenope". After this treatment, cell pellets were recovered and then used as *inoculum* in the respective standard growth media to assess cellular resistance.

Results and Discussion {#Sec3}
======================

Effect of Temperature Stress on Microbial Growth {#Sec4}
------------------------------------------------

Cells of all extremophilic strains were stored at a wide range of temperatures (from −196 to 85 °C) to assess their resistance to the extreme variations of such parameter typical of space condition. Resistance was assessed by measuring the ability of treated colonies to give cell growth in comparison to that observable after storage in optimal standard conditions. In the case of *S. solfataricus* (Fig. [1](#Fig1){ref-type="fig"}) after one week storage at T from −196 to 25 °C cell growth registered after 1 day of incubation was comparable to that observed after storage in standard conditions; the same cell growth level (O.D^540^ value of 0.700) was gained after storage at 50, 70, 85 ° C but after a longer incubation time, i.e., 4, 6, and 7 days respectively.Fig. 1*S. solfataricus* growth after 1 week storage at −196, −80, −20, 0, 4, 10, 25, 50, 70, 85 °C

After 3 months storage at T from −20 to 4 °C the cell growth of the halophilic species *H. hispanica* (Fig. [2](#Fig2){ref-type="fig"}, open bars) registered after 1 day of incubation, was comparable to that observed after storage in standard conditions; the same cell growth was observed after storage at 50, 70 and 85 °C but with a delay of 3, 4 and 5 days respectively. At −195 °C, −80 °C *H. hispanica* showed a lower resistance as showed by the low capability to grow again after the treatment.Fig. 2*H. hispanica* (*open bars*), *T. neapolitana* (*full bars*), *G. thermantarcticus* (*dashed bars*) growth after 3 months storage at −195, −80, −20, 0, 4, 10, 25, 50, 70, 85 °C

The thermo-anaerobe *T. neapolitana* (Fig. [2](#Fig2){ref-type="fig"}, full bars) was able to survive to all the tested temperature stress although it showed an average resistance lower than the other species. Indeed for this strain, cell growth was always lower than that observed after storage in the standard conditions. The thermophilic species *G. thermantarcticus* (Fig. [2](#Fig2){ref-type="fig"}, dashed bars) showed to be highly resistant to 3 months storage at T values from 0 °C to 70 °C: in all these experiments indeed it reached an O.D^540^ value comparable to that observed after storage in the standard conditions; growth after storage at −196 °C and at 85 °C (the lowest and the highest T investigated) was less significant thus suggesting a minor resistance to these stressing conditions.

Effect of UV Radiation (λ = 254 nm) on Microbial Growth {#Sec5}
-------------------------------------------------------

The effect of ultraviolet radiations was investigated by monochromatic irradiation with a lamp whose power and wavelength allowed to simulate the UVC portion of solar radiation on Mars (Schuerger et al. [@CR10]) that was applied in terrestrial conditions of temperature, pressure and atmosphere. This experiments could be carried out for all strains except the thermo-anaerobe *T. neapolitana* since UV irradiation was performed in terrestrial aerobic conditions that are lethal for this bacterium. In the case of *H. hispanica* (Fig. [3](#Fig3){ref-type="fig"}, open bars), exposition caused for almost all irradiation intervals only 20 % decrease of growth with respect to the control experiment. In the case of *G. thermantarcticus* (Fig. [3](#Fig3){ref-type="fig"}, full bars) UV irradiation resistance decreased only slightly with increasing time of exposition: indeed till after 30 min irradiation its growth level was 80 % with respect to the control experiment, and it was still about 40 % after 1 h irradiation at 254 nm.Fig. 3*H. hispanica* (*open bars*), *G. thermantarcticus* (*full bars*), *S. solfataricus* (*dashed bars*) growth after UV radiation (λ = 254 nm) exposition

The highest resistance to UV irradiation was showed by the thermo-acidophilic archeon *S. solfataricus* (Fig. [3](#Fig3){ref-type="fig"}, dashed bars): after all irradiation treatment its growth was equal to that registered in standard conditions, only after 15 min irradiation a 40 % decrease was found, but further experiments are needed to confirm this trend. Nevertheless it is noteworthy to underline the surviving of such species that were treated in a vegetative state, while usually resistance to UVC radiations is displayed from the spore counterparts (Newcombe et al. [@CR5]).

Mars Humidity and Pressure Conditions Simulation: Effect of Desiccation and low Pressure on Microbial Growth {#Sec6}
------------------------------------------------------------------------------------------------------------

The surface environment of Mars is now characterised by the scarcity of liquid water, extreme low temperatures and pressure, an anoxic atmosphere and exposition to solar and cosmic radiation. The experiments here described, allowed to assess at the same time the cell resistance to two of Mars environment parameters i.e., humidity and low pressure. All experiments were carried out on previously desiccated cells that were then exposed in the Mars simulator chamber at a 4 mbar pressure. Unfortunately, such testes could be carried out only with *H. hispanica* and *G. thermantarcticus,* since both the thermo-acidophilic archeon *S. solfataricus* and the thermo-anaerobe *T. neapolitana* did not survive to the initial step of desiccation; in this latter case it was probably lethal because it was performed in aerobic conditions.

Both *H. hispanica* and *G. thermantarcticus* species were able to survive to the initial step of desiccation, that was required to expose the cell pellets to the extremely low pressure conditions reached in the simulator. Exposition of desiccated *G. thermantarcticus* (Fig. [4](#Fig4){ref-type="fig"}, full bars) cells to Mars's pressure for all the time intervals investigated didn't affect significantly the growth of this bacterium: indeed after all the exposition time intervals investigated, a growth level comparable to the standard conditions was reached after only 1 day of incubation. Similar resistance was exhibited by *H. hispanica* (Fig. [4](#Fig4){ref-type="fig"}, open bars) desiccated cells but for this strain a delay in growth after the stressing treatment was observed: indeed the O.D. values comparable to the control experiment could be reached only by incubating for 2 days after 1 h exposition in the Mars simulator, or by incubating for 5 days after 24 h and 8 days of exposition in the simulator.Fig. 4*H. hispanica* (*open bars*), *G. thermantarcticus* (*full bars*) growth after exposition to Mars simulated conditions

Conclusions {#Sec7}
===========

The described experiments were carried out in order to investigate extremophiles resistance to some stressing conditions typical of space environments i.e., wide variation of temperature, exposition to high energy UV radiations, desiccation and extremely low pressure values.

All the selected extremophilic strains showed a good resistance to the simulation of the temperature variation in the space: indeed all extremophiles were able to grow rapidly (from 1 to maximum 5 days of incubation) after prolonged storage also at temperature values very far from their respective optimal conditions.

The exposition to UV radiation affected only slightly the growth of *H. hispanica*, *G. thermantarcticus* and *S. solfataricus*: the latter showed to be the most resistant to this stress parameter whereas survival of *H. hispanica* and *G. thermantarcticus* decreased with increasing irradiation time. This result was interesting since the most significant resistance to UV radiation is displayed by some bacterial spores such as spores of different Bacillus species: the results here reported suggested that extremophilic vegetative cells were able to survive to Martian UVC irradiation at a wavelength usually employed as bactericidal radiation.

In the experiment of Mars humidity and pressure simulation the behaviour of *S. solfataricus* and *T. neapolitana* could not be investigated since the previous desiccation step was lethal for these two species. Nevertheless, it was possible to verify that both *H. hispanica* and *G. thermantarcticus* were resistant either to desiccation and Mars pressure, although *H. hispanica* growth after this simulation was strongly delayed in comparison to the standard conditions.

Overall these results suggested that all four extremophilic strains are good candidates for possible future experiments of microorganisms exposition in space missions.
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